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Objectives: To reduce pancreatic cancer mortality, a paradigm shift in
cancer screening is needed. Our group pioneered the use of low-coherence
enhanced backscattering (LEBS) spectroscopy to predict the presence of
pancreatic cancer by interrogating the duodenal mucosa. A previous ex
vivo study (n = 203) demonstrated excellent diagnostic potential: sen-
sitivity, 95%; specificity, 71%; and accuracy, 85%. The objective of the
current case-control study was to evaluate this approach in vivo.
Methods:We developed a novel endoscope-compatible fiber-optic probe
to measure LEBS in the periampullary duodenum of 41 patients undergo-
ing upper endoscopy. This approach enables minimally invasive detection
of the ultrastructural consequences of pancreatic field carcinogenesis.
Results: The LEBS parameters and optical properties were significantly
altered in patients harboring adenocarcinomas (including early-stage)
throughout the pancreas relative to healthy controls. Test performance char-
acteristics were excellent with sensitivity = 78%, specificity = 85%, and ac-
curacy = 81%. Moreover, the LEBS prediction rule was not confounded by
patients’ demographics.
Conclusion: We demonstrate the feasibility of in vivo measurement of
histologically normal duodenal mucosa to predict the presence of adeno-
carcinoma throughout the pancreas. This represents the next step in estab-
lishing duodenal LEBS analysis as a prescreening technique that identifies
clinically asymptomatic patients who are at elevated risk of PC.
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P ancreatic cancer (PC) is the fourth leading cause of US cancer
deaths and the most deadly with an overall 5-year survival of

approximately 6% over the past decade.1 One reason for such high
mortality is that PC tends to develop surreptitiously over the
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course of multiple decades (ie, over 20 years from initiation to
metastasis), with no appreciable symptoms presenting until the
very final stages of cancer progression.2 As a result, more than
50% of patients with PC are detected at a late time-point when
distant metastases are present and there is a paltry 2% 5-year sur-
vival rate. Had these patients’ condition been diagnosed while the
disease remained localized to the pancreas, their survival ratewould
increase by more than 10 times.Whereas the insidious nature of PC
is part of the reason that it is so lethal, it also means that there is a
large window of time in which the precursors of frank cancer
could be detected at a time-point long before it be comes terminal.
To diagnose these more curable precursor lesions and lower the
overall mortality of PC, a paradigm shift in which patients within
the asymptomatic population are prescreened is needed.

One such alternative approach for PC detection exploits the
concept of field carcinogenesis (ie, the earliest stage of cancer pro-
gression in essentially all solid cancers: pancreas,3–6 colon,7–9

lung,10,11 head and neck,12 etc) to assess the risk of a patient devel-
oping cancer. In field carcinogenesis, a number of ultrastructural
alterations that are diffusely spread throughout an organ provide
a fertile field from which future cancer development can proceed.
By definition, these changes in tissue ultrastructure encompass all
structures smaller than the diffraction limit of conventional light
microscopy, or, structures smaller than approximately 200 nm.
More advanced cancerous changes such as focal tumors and
dysplasia can then take root in this field of ultrastructural alter-
ations through stochastic mutational events such as up-regulation
of oncogenes.

The implication of field carcinogenesis on cancer screening
is as follows: Since changes in the field are found throughout an
organ and nearby associated tissue locations, it is possible to gain
an understanding of the organ cancer risk status through observa-
tion of easily accessible surrogate measurement locations. In the
case of PC, most adenocarcinomas begin within the pancreatic
duct. However, interrogating the pancreatic duct is not practical
owing to the high risk of complications associated with such a
procedure. Instead, the periampullary duodenum, which is ex-
posed to the same milieu as the pancreatic duct (pancreatic juices
and microbiome)13 serves as a surrogate site from which cancer
risk status can be assessed.

Unfortunately, none of the currently available diagnostic tech-
niques are well suited for detecting the changes associated with
PC field carcinogenesis. Widely used diagnostic imaging methods
such as computed tomography, positron emission tomography,
and magnetic resonance imaging can only detect larger lesions
that occur at later stages of cancer progression. In addition, com-
puted tomography and positron emission tomography use ionizing
radiation that could create substantial adverse effects if imple-
mented as populationwide screening techniques. Other endoscopic
techniques that more directly interrogate the pancreas such as endo-
scopic ultrasound (EUS) and endoscopic retrograde cholangio-
pancreatography are also limited. Although EUS has increased
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sensitivity to smaller lesions, it still does not allow detection of neo-
plastic lesions smaller than a few millimeters in size.14 Endoscopic
retrograde cholangiopancreatography is too invasive and expen-
sive to be implemented as a populationwide screening technique.

To overcome the shortcomings of existing diagnostic tech-
nologies, our group has pioneered the use of low-coherence
enhanced backscattering (LEBS) spectroscopy to detect the ultra-
structural alterations associated with PC field carcinogenesis.
Low-coherence enhanced backscattering uses nonionizing visible
light spectroscopy to quantify tissue structures between approxi-
mately 30 nm and approximately 3 μm in size.15 This range of
sizes includes both the fundamental macromolecular building
blocks of a cell (eg, mitochondria, ribosomes, and high-order
chromatin structure) as well as components in the extracellular
matrix (eg, collagen, elastin, fibronectons, etc).

In previous studies of ex vivo biopsies, we showed that
LEBS could accurately discriminate between patients with no
neoplasia and those harboring pancreatic adenocarcinomas by
characterizing tissue from the periampullary duodenum (ie, tissue
associated with field carcinogenesis).3,4,16 Using a composite
LEBSmarker, the discrimination between healthy control patients
and patients with PC had excellent diagnostic power with 95%
sensitivity, 71% specificity, and 85% overall accuracy.3 Further-
more, we demonstrated that this highly diagnostic signal origi-
nated in both intracellular and extracellular alterations (eg,
chromatin density changes17 and collagen fiber cross-linking18)
occurring at structural length scales between approximately 20
and 200 nm in size. These changes were most prominent within
the top approximately 150 μm of duodenal mucosa.16,19 To trans-
late our ex vivo findings to clinical practice, we developed a min-
iaturized fiber-optic probe to selectively target the upper 150-μm
layer of mucosa in vivo.20

In this paper, we present a preliminary study of 41 patients
as a proof of concept for the use of in vivo LEBS as a prescreening
tool for PC. In this study, measurements from the periampullary
duodenum are used as a surrogate site from which to assess PC
risk status. Future directions and implications for the future of
PC screening are summarized in the “Discussion” section.

MATERIALS AND METHODS

Participants
The study presented in this paper was approved by the insti-

tutional review boards at Northshore University HealthSystem
and the University of Chicago Medical Center. Forty-one patients
undergoing EUS or esophagogastroduodenoscopy to confirm the
presence/absence of PC, mucinous cysts, pancreatitis, gallstones,
etc. were recruited into the study after giving informed consent.
All patients had available data taken from a complete endoscopic
examination, from a pathology workup, and from a demographic
information survey (age, race, smoking/alcohol status, personal
and family history of cancer, etc). In total, 5 endoscopists at 2
medical institutions participated in the study.

Ten randomly spaced readings were acquired from the peri-
ampullary duodenal mucosa by a 3.4-mm diameter LEBS probe
inserted through the accessory channel of an upper endoscope.
Low-coherence enhanced backscattering measurements were per-
formed by trained technicians, and the data analysis was performed
by the investigators. Both the technicians and the investigators
were blinded to the endoscopic and pathologic findings at the
time of data acquisition and analysis. The investigators became
unblinded only to perform statistical analysis. Based on the endo-
scopic and pathologic findings, patients were classified into 4 cate-
gories: no-neoplasia (control), pancreatitis (both acute and chronic),
736 www.pancreasjournal.com
intraductal papillary mucinous neoplasia (IPMN), or pancreatic
adenocarcinoma (PC). The presence of PC or IPMN was deter-
mined by fine needle aspiration (FNA) followed by histopatho-
logic examination or imaging and surgery. Adenocarcinoma size,
tumor stage, and location were estimated by an endoscopist and/
or a pathologist.

Characterization of Tissue Ultrastructure
Using LEBS

The principles underlying the characterization of tissue ultra-
structure in PC field carcinogenesis have been described in great
detail in other publications.16,19 Here, we review the aspects rele-
vant for the current paper.

The fundamental physical characteristic at the core of both
tissue ultrastructure and light scattering detected by LEBS is the
spatial autocorrelation function B(r).21,22 B(r) specifies the range
and proportion of all structural sizes that compose a particular
specimen. For example, when B(r) is very narrow, it means that
the sample is primarily composed of smaller structures (and vice
versa). In tissue composition, 3 ultrastructural properties specify
the shape of B(r): the fluctuation strength of spatial tissue hetero-
geneity σ2

n, the characteristic structural length-scale Ln, and the
shape of the spatial distribution D. Applying scattering theory
and simple mathematical transformations,23 the ultrastructural
properties are directly related to the optical properties relevant
for scattering: the reduced scattering coefficientμ�s , and the anisot-
ropy factor g. These optical properties describe how light spreads
throughout biological tissue owing to the effects of scattering.

Low-coherence enhanced backscattering is a coherent inten-
sity peak centered at small backscattering angles (<3°) that arises
owing to tissue heterogeneity. Through use of partial spatial coher-
ence illumination, LEBS targets the short photon transport paths
that preserve information aboutμ�s, g, andD.

24–27 To quantify LEBS
data, we measured 3 empirical parameters that specify the shape of
the LEBS peak: the height (termed enhancement E), width (W), and
spectral slope (S, change in E per unit wavelength). These 3 empir-
ical parameters can then be used to deduce the optical properties
and physical properties, which better describe tissue structure.

In summary, nanoscale tissue composition is quantified by
the ultrastructural properties σ2

n , Ln, and D. The ultrastructural
properties give rise to the optical properties μ�s and g. The optical
properties determine the shape of the LEBS peak, which is quan-
tified with empirical parameters E, W, and S.

Targeting The Ultrastructural Origins of Field
Carcinogenesis In Vivo

In 2 recent publications, we analyzed duodenal biopsies
using LEBS and inverse scattering optical coherence tomography
to study the nature and location of the changes in tissue ultrastruc-
ture associated with PC field carcinogenesis.16,19 Several key ob-
servations from these studies guided the design of the fiber-optic
LEBS probe used in the current study. First, we measured a sig-
nificant increase in D and a decrease in σ2

n for patients with PC.
These ultrastructural changes combined to produce a significant
decrease in μ�s . Second, we found that the optimal location to find
such alterations was within the upper approximately 150 μm of
mucosa. Finally, the changes were attributed to structures smaller
than the diffraction limit of conventional light microscopy (ie,
~200 nm). Conventional endoscopic methods would be insuffi-
cient to detect the structural changes in PC field carcinogenesis.

Armed with these observations, we designed a fiber-optic
probe capable of detecting the previously observed changes in D
and μ�s occurring within the superficial duodenal mucosa.20 The
design and theoretical principles underlying the fiber-optic LEBS
© 2015 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 1. Clinical LEBS spectroscopy instrument design. A, Schematic of the 3.4-mmdiameter fiber-optic LEBS probe. White light is directed
onto the tissue by a single optical fiber. Three optical fibers collect the backscattered light as a functionof angle and illuminationwavelength.
The inset shows a microscopic image of the linear optical fiber array. B, Low-coherence enhanced backscattering probe inserted into the
accessory channel of an upper endoscope. The inset shows the LEBS probe extending from the endoscope. C, Portable cart used to
house the data acquisition instrumentation and software for the LEBS probe.
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probe are described in full in other publications.20,28 In short, the
LEBS probe consists of 4 optical fibers arranged in a linear array
(shown in the inset of Fig. 1A). One of these fibers provides white
light illumination onto the tissue surface, whereas the remaining 3
fibers acquire LEBS intensities at 3 backscattering angles: −0.6,
0.6, and 1.12 degrees. A 9-mm glass rod spacer is placed between
the optical fibers and tissue surface to control the spatial coher-
ence length LSC of the illumination. Each collection fiber is con-
nected to a spectrometer, which collects backscattered light as a
function of wavelength (500–700 nm). Thus, the LEBS probe
measures backscattered light as a function angle and wavelength.
The choice of backscattering angle and wavelength was optimized
to target the ultrastructural alterations in duodenal mucosa ob-
served in previous ex vivo biopsy studies.3,16 To target the upper
150 μm of duodenal mucosawhere the optimal signal is observed,
we restricted the spatial coherence length to 27 μm at 700-nm illu-
mination wavelength.20,29

A schematic illustrating the operation of the LEBS probe
(assembled by OFS, Avon, CT) is shown in Figure 1A. The outer
diameter of the LEBS probe is 3.4 mm, which allows it to be
inserted into the accessory channel of commercially available
endoscopes (Fig. 1B). Patient measurements are then managed
through a point-of-care optical system (assembled by Tricor Sys-
tems, Elgin, IL) with custom data acquisition software and in-
strumentation (Fig. 1C).

Two independent diagnostic parameters are calculated using
the measured LEBS intensities: enhancement (E′) and normalized
spectral slope (NSS). The spectrally resolved E′(λ) is calculated
as the average of the intensities at −0.6 degree and +0.6 degreemi-
nus the intensity at 1.12 degree. E′ is then found as the average of
E′(λ) over thewavelength range 610 to 690 nm. Normalized spec-
tral slope is calculated in 2 steps. First, the spectral slope (S′) of E′
(λ) is calculated using a linear regression of the form E′(λ) = K −
S′λ over the wavelength range 610 to 690 nm. To remove the con-
tribution of E′, NSS is calculated by dividing S′ by E′ and multi-
plying by the average wavelength: NSS ¼ −S0 � <λ>

E0 .
The parameters E′ and NSS represent measurable quantities

that encode information about tissue ultrastructure. However, to
gain a more physical understanding of the tissue composition
and target the previously observed alterations, we also calculated
the physical/optical properties D and μ�s . To do this, we first
made the assumption that g = 0.9 in biological tissue.30 D and μ�s
can then be found according to equations empirically derived
© 2015 Wolters Kluwer Health, Inc. All rights reserved.
from Monte Carlo simulation31: D = 0.80 � NSS + 2.85
and μ�s ¼ 3590 cm−1 � E0 þ 3010 cm−1 � E0 � NSS −4:53cm−1 .
To achieve agreement between Monte Carlo simulation and
experimentally measured intensities, the value of E′ was multi-
plied by a constant scaling factor of 0.31. Possible origins of
the discrepancy between theory and experiment are discussed in
Radosevich et al.26

Statistical Analysis
The 2 parameters previously discussed were combined into a

single diagnostic biomarker (termed the LEBS marker) using a
multivariable logistic regression performed in STATA version
8.0. The final model was built as a linear combination of E′ and
NSS as follows:

LEBS marker ¼ a0 þ a1 � E′ þ a2 �NSS 1

where a0, a1, and a2 are coefficients assigned in STATA. The inter-
nal validity of the regression model was assessed using boot-
strapping techniques. Under this approach, the shrinkage factor
was obtained to correct for overoptimism or overfitting, and the
regression coefficients were multiplied by this factor to improve
calibration of prediction in future patients. The intercept was also
adjusted so that the sum of the predicted probabilities equaled the
total number of events.

The correlation coefficient between each of the selected pa-
rameters was verified to be nonsignificant (R2 < 0.3) to ensure
the robustness of the generatedmodel. The prediction rule was de-
veloped to optimize the difference between control and PC.

To characterize the performance of the diagnostic test, we
calculated the sensitivity, specificity, and the overall accuracy
by generating the receiver operating characteristic (ROC) curve
in STATA. Contributions of confounding factors (age, race,
smoking/alcohol status, and personal and family history of can-
cer) toward the LEBS marker were evaluated by performing
analysis of covariance.

RESULTS

Patients' Characteristics
Measurements from the periampullary duodenum were ac-

quired from a total of 41 patients undergoing upper endoscopy
(age, 61 ± 15 years; sex, 37% male; race, 98% white). The age,
www.pancreasjournal.com 737
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TABLE 1. Patients' Demographics

Patient
Category Age (Mean ± SD)

Sex
(% Male)

Race
(% White)

No.
Patients

Control 58 ± 17 25 95 20
Pancreatitis 55 ± 17 80 100 5
IPMN 70 ± 5 29 100 7
PC 63 ± 13 44 100 9

TABLE 2. Test Performance Characteristics

Comparison
Sensitivity

(%)
Specificity

(%) AUC [95% CI]

Control vs PC 78 85 81% [64%–98%]
Control vs IPMN 86 55 71% [45%–97%]
Control vs
pancreatitis

80 70 74% [54%–94%]
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sex, and race for all patients separated according to their disease
status are summarized in Table 1. Nine patients were diagnosed
with pancreatic adenocarcinomas (PC), of which 7 were harbor-
ing lesions in the head/neck of the pancreas and 2 in the body/tail
of the pancreas. Within the PC group, 4 patients had stage I or II
cancer, and 5 patients had stage III or IV cancer. Of the 7 patients
with IPMN, 4 were located in the side branch and 3 were located
in the main duct. Five patients had either acute or chronic pancre-
atitis. Finally, 20 patients were healthy controls with no disease
found in the pancreas.
Evaluation of the LEBS Marker in
Duodenal Mucosa

Figure 2A shows the values of the LEBS marker for patients
with increasing susceptibility to progress into PC from left to
right. Qualitatively, there is a progressive increase in the LEBS
marker for increasing disease status. Relative to the controls, this
increase is highly statistically significant for PC, with P < 0.01;
whereas for patients with IPMN, the effect is marginally signifi-
cant, with P = 0.08. For pancreatitis versus control, the LEBS is
not significant with P = 0.23. Taken together, these results show
that the LEBS marker encodes information about increasing PC
disease status.

Figure 2B shows the receiver operating characteristic (ROC)
curves for control versus PC, control versus IPMN, and control
versus pancreatitis. The LEBS marker provided good test perfor-
mance characteristics with 81% overall accuracy (ie, area under
the ROC curve) for distinguishing between control and PC. For
detection of IPMN and pancreatitis, the test performance charac-
teristics were respectable with 71% and 74% accuracy,
FIGURE 2. Diagnostic performance of the LEBS marker for patients with
A, Low-coherence enhanced backscattering marker calculated from a lo
curve for patients with PC and IPMN. The double red star indicates stati
control; Panc, pancreatitis.
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respectively. The sensitivity, specificity, and accuracy for both
PC and IPMN are summarized in Table 2.

Influence of Cancer Stage, Tumor Location,
and IPMN Location

To further study the diagnostic potential of LEBS across dif-
ferent forms of PC, we separated the PC group according to cancer
stage (Fig. 3A) and tumor location (Fig. 3B). For early lesions in
cancer stages I and II, there is a significant increase in the LEBS
marker; whereas for cancer stages III and IV, there is a nearly sig-
nificant increase (P = 0.07). This is an encouraging result, since
LEBS can detect the early-stage alterations needed for an effective
prescreening technique. We expect that with a larger sample size,
the later stage subgroup will also become significant. Comparing
cancer stages I and II with cancer stages III and IV, the difference
was nonsignificant with P = 0.43.

For lesions found in the head and the neck aswell as the body
and tail of the pancreas, there was a statistically significant in-
crease in the LEBS marker with P < 0.05. Comparing lesions of
the head and neck with those of the body and tail, the difference
was nonsignificant, with P = 0.11.

Figure 3C decomposes the patients with IPMN according to
the location in which the lesions were found. We found a signifi-
cant increase for main duct IPMN but essentially no effect for side
branch IPMN. This is likely because the main duct empties di-
rectly into the periampullary duodenum from which our LEBS
measurements were acquired.

Potential Confounders
To determine the effect of confounding factors on our re-

sults, we performed an analysis of covariance with the LEBS
different risks of developing PC (increasing risk from left to right).
gistic regression of E′ and NSS. B, Receiver operating characteristic
stically significant difference from control at the 1% level. C,

© 2015 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 3. Influence of cancer stage, tumor location, and IPMN location on the diagnostic performance of LEBS. A, Influence of cancer stage.
B, Influence of tumor location within the pancreas. C, Influence of IPMN location within the pancreas. In each panel, a red star indicates
statistically significant difference from control at the 5% level.

TABLE 3. Impact of Confounding Factors on the LEBS Marker

Confounding Factor ANCOVA (P)

Presence of adenocarcinoma 0.02
Age 0.81
Sex 0.07
Smoking history 0.71
Alcohol use 0.79
Personal history of PC 0.08
Personal history of other cancer type 0.73
Family history of PC 0.17
Family history of other cancer type 0.47
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marker as the dependent variable; and the presence of neoplasia,
smoking and alcohol history, race, sex, age, personal and family
history of cancer as predictors (Table 3). After incorporating
these confounding factors into our model, the LEBS marker
remained a highly significant predictor for the presence of neo-
plasia (P = 0.02). Moreover, each of the confounding factors
was found to have an insignificant effect (P > 0.05) on the LEBS
marker value.

Relating LEBS Marker to Optical Properties
Figure 4 shows the optical properties D and μ�s that were ex-

tracted from the empirical parameters, which form the LEBS
marker. In Figure 4A, there is a highly significant 41% increase
inD for patients with PC. The increase inD indicates a shift in tis-
sue ultrastructure toward larger structures. In Figure 4B, there is a
39% decrease in μ�s for patients with PC (P = 0.26). Importantly,
the directionality of these changes is consistent with 2 previous
ex vivo biopsy studies.3,16

DISCUSSION
In this paper, we demonstrated the first in vivo implementa-

tion of the fiber-optic LEBS probe to discriminate patients with
PC and IPMN from healthy controls through optical interrogation
of the endoscopically normal-appearing periampullary duode-
num. These results were obtained in a multicenter clinical trial
consisting of 2 hospitals and 5 endoscopists. The current study
provided an important confirmation that in vivo measurements de-
tect the same alterations that were previously observed in ex vivo
tissue (ie, D and μ�s).

16,19 Moreover, the diagnostic LEBS marker
provided an excellent biomarker for detecting the susceptibility
of patients toward developing PC. We saw a progressive increase
in the value of the LEBS marker with a corresponding increase
in patients’ disease status (control < pancreatitis < IPMN < PC).
Between the patients with PC and the healthy controls, the LEBS
marker was highly significant (P < 0.01), resulting in an overall
detection accuracy of 81%. This relationship was not confounded
by race, age, sex, cancer history, or other lifestyle choices such as
smoking and alcohol status. Furthermore, by separating the pa-
tients with PC into subgroups, we found that the diagnostic effects
were present regardless of the lesion location. For the patients with
PC in cancer stage I or II, we found a significant effect and for the
patients in cancer stage III or IV, there was a nearly significant ef-
fect (P = 0.07). Finally, by decomposing the patients with IPMN
© 2015 Wolters Kluwer Health, Inc. All rights reserved.
according to their lesion location, we found that most of the effect
was attributable to main duct IPMN.

From amechanistic perspective, the change inD provides the
best insight into the morphological changes occurring in the duo-
denum during PC field carcinogenesis. Whereas LEBS lacks the
spatial resolution to identify the specific structures, which contrib-
ute to the observed change in D, there is evidence of synergistic
intracellular (eg, nucleus, cytoskeleton, and mitochondria) and ex-
tracellular contributions (eg, collagen fibers), which account for
this shift toward larger features. Within epithelial cells in field
carcinogenesis, we have observed chromatin compaction in the
nucleus induced, in part, by up-regulation of the histone dea-
cetylase family of proteins (a class of enzymes that aids in
histone wrapping).17,18 We confirmed that the observed chroma-
tin compaction resulted in an increase inD using direct visual con-
firmation with transmission electron microscopy.32 In addition to
changes in the nucleus, we also observed LEBS-detectable alter-
ations of the cytoskeletal structure due to up-regulation of end-
binding protein 1.33,34 Within the extracellular matrix, the increase
in D is attributed to collagen cross-linking initiated by the up-
regulation of lysyl-oxidase or lysyl-oxidaselike proteins.18 Interest-
ingly, each of the changes that we observed in field carcinogenesis
(ie, chromatin compaction, abnormal cytoskeleton, and collagen
cross-linking) is also a traditional hallmark of later-stage cancer de-
velopment. Whereas in the later cancer stages these changes mani-
fest themselves in the larger structural length scales (microns to 10s
of microns), in field carcinogenesis, they occur at ultrastructural
length scales (10s of nanometers to hundreds of nanometers).
www.pancreasjournal.com 739
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FIGURE 4. Optical properties extracted from E′ and NSS. A, Mass
density distribution D. B, Reduced scattering coefficient μ�s . A
double red star indicates statistically significant difference from
control at the 1% level.
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We note that the specific alterations previously discussed are only
some of the many changes that occur in PC field carcinogenesis
and should not be considered an exhaustive list. Ongoing mecha-
nistic studies seek to further catalog all LEBS-relevant changes
in tissue ultrastructure.

Despite the encouraging results, we acknowledge a number
of limitations in the current study. First, the overall size of the data
set is modest (N = 41) and is therefore more susceptible to statis-
tical noise than a larger study. To address this concern, larger mul-
ticenter studies are currently underway. Nonetheless, we note that
our use of only 2 uncorrelated parameters is conservative and
limits the likelihood of overfitting the data. Second, the current
study was composed primarily of white patients (>98%). It will
therefore be important to study the application of this technique
to demographically distinct populations to further establish exter-
nal validity and promote widespread LEBS application. Similarly,
patients with PC were slightly older than the healthy controls. Al-
though age is not a confounding factor in our analysis, it will be
important to study the application of this technique across a wider
age span.

Despite the aforementioned limitations, the test performance
characteristics of in vivo duodenal LEBS are very encouraging.
Moreover, this performance may be further improved with addi-
tional biomarkers. For example, the LEBS fiber-optic probe is ca-
pable of measuring microvascular markers such as hemoglobin
oxygen saturation and blood vessel radius.35 In fact, we found
some of the microvascular markers to have a moderate statistical
significance for patients in our study (data not shown). However,
we did not apply these markers to our prediction rule formulation
to avoid overfitting of our modest data set. Still, in ongoing larger-
scale studies, we expect that addition of these markers will lead to
improved test performance characteristics.

From a clinical perspective, we envision the use of LEBS as
the first step in 2-part paradigm shift in PC screening. This pro-
cess would work in the following way: First, patients considered
to be at risk of developing PC according to genetic factors (eg,
family histories with high PancPro score, BRCA2 mutations,
p16 mutations, Peutz-Jeghers, etc) or environmental/developed
factors (new-onset diabetes after age 50, pancreatic cysts, chronic
pancreatitis, and smoking) would have their specific risk status
analyzed using LEBS coupled with ultrathin endoscopy to pro-
vide a pan–upper GI screening. This procedure is minimally inva-
sive and would likely circumvent the major adverse complications
that have been associated with direct interrogation of the pancre-
atic duct. Patients who are found to be at higher risk of PC can
then undergo more invasive and costly techniques to confirm
the presence of early PC lesions.

One main application of this clinical approach would spe-
cifically target cystic lesions of the pancreas such as IPMN. In
740 www.pancreasjournal.com
approximately one third of all incidentally discovered pancreatic
cysts undergoing surgical resection, the preoperative diagnosis
was found to be incorrect retrospectively.36 This inability to ac-
curately risk-stratify cystic neoplasms leads to medical compli-
cations, a strain on resources (eg, extra procedures, biopsies,
etc) and a great deal of patient anxiety due to the lethality of
PC. The consequence has been that pancreatic resections have
doubled over the last decade without a decrease in PC deaths.
Based on the present findings, LEBS is a promising alternative
method to assess the disease status of the pancreas in patients
with cystic lesions. Those patients with cystic lesion with high-
risk for PC would be recommended for EUS, endoscopic retro-
grade cholangiopancreatography, and/or surgery.

In summary, we showed for the first time the feasibility of in
vivo measurement of histologically normal duodenal mucosa to
predict the presence of adenocarcinoma throughout the pancreas.
This represents the next step in establishing duodenal LEBS anal-
ysis as a prescreening technique that identifies clinically asymp-
tomatic patients who are at elevated risk of PC.
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